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REMARKS 

Claims 1-14 and 17-20 are pending. In the present office action, 
the Examiner has stated that claim 7-14 and claim 17 are allowable. 
After the claim amendments submitted on April 28, 2003, the Examiner 
informed applicants by telephone that all the claims were allowable. 
The allowance was then withdrawn because the Examiner performed 
a further search and now cites for the first time the Aslandis reference 
which is asserted against the novelty and non-obviousness of claims 
1-6 and 18-20. 

The Aslandis reference is entitled " A Method of Coincidence 
cloning of Alu PCR products". It is a method for "isolation of 
sequences held in common by two genomic DNA populations" 
(Abstract). The method is specifically applied to chromosomal mapping 
of human DNA and would not be generally applicable to DNA from non- 
primate sources because of the Alu repeats which occur predominantly 
in primates. (Discussion section in Aslandis et al. and Batzer and 
Deninger Nature 2002 vol 3, pg 370-copy of reference enclosed). 

Coincidence cloning relies on heteroduplexing two pieces of 
human DNA from different human hamster hybrids which have been 
amplified. Those sequences that form heteroduplexes are cloned. The 
purpose of the Aslandis reference is apparently to find human genome 
sequences that can serve as probes for subsequent cloning of 
genome fragments that are derived from a single human chromosomal 
region. 
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In contrast to coincidence cloning of human chromosomal DNA, 
applicants* claimed method is a non-coincidence cloning method. No 
heteroduplexing is required because the amplified DNA is the targeted 
DNA for ligation into vectors. 

An important aspect of the Aslandis reference is the choice of Alu 
repeats as primers for selectively amplifying human DNA and not 
hamster DNA in which the human sequences are embedded. To this 
end, Aslandis et al. utilized Alu repeats as primers to distinguish 
human DNA from hamster DNA because Alu repeats occur very 
frequently throughout the human genome and not in non-primate 
genomes. This reference teaches away from the use of Alu repeats as 
primers for non-primate DNA amplification. In particular, the Aslandis 
reference does not provide any apparent motivation for a person of 
ordinary skill in the art to use coincidence cloning or amplification using 
Alu repeats for non-primate DNA. 

Importantly, Alu repeats commonly occur within introns of genes. 
Consequently, any amplification that relies on Alu repeats will be 
expected to generate gene fragments rather than genes. This 
apparently does not matter for the particular purpose described by 
Aslandis which is the identification of probes but it would be expected 
to be detrimental to success in cloning genes. 
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Claim Rejections - 35 U.S.C. §102 

Claims 1, 5 and 6 are rejected under 35 U.S.C. §102(b) as being 
anticipated by Aslanidis et al (^Proc. Natl. Acad. Sci. USA 88:6765-6760 
(1991)). 

The Examiner has rejected the claimed method asserting that 
element (a) of the claim Is described In the statements in the Abstract, 
Materials and Methods and Figure 1; element (b) of the claim is 
described in the Abstract, Materials and Methods and Results sections 
of the Aslandis reference and Figure 1; and element (c) is described in 
the materials and Methods and Figure 1 of the Aslandis reference. The 
Examiner argues that the amplification of the human genome 
sequences by coincidence cloning inherently involves amplifying one or 
more genes. Applicants respectfully disagree. The Abstract, Materials 
and Methods, Results and Figure 1 describe a technical approach that 
relies on a heteroduplex step and sequence enrichment that is 
separate and distinct from the claimed method for cloning one or more 
genes in a cassette array. 

Aslandis et al. describe coincidence cloning from human 
chromosome regions. Chromosome regions may include large 
segments of DNA such as 10 megabases (see page 6765 col 2 of the 
reference) which encompass many genes or alternatively might 
encompass small fragments that include a piece of sequence that 
represents a part of a gene or a non-expressed region. 
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Tlie specified aim of tine Aslandis paper is not to clone individual 
genes but rather to discriminate between hamster DNA and human 
chromosomal inserts in hamster-human hybrids. 

In addition, the method described by Aslandis et al. seeks to 
enrich for overlapping DNA segments of human DNA against a 
background of undesired human DNA sequences and to obtain probes 
of human DNA suitable for identifying the region 19ql3.2-3. Aslandis 
et al. states on pg 6766. 

"Hence the cloning procedure should enrich for the clones with 
inserts from the common human region." 

There is no suggestion concerning what the common human 
regions might contain. Indeed Aslandis states on pg 6766. 

Most of the distinct fragments generated from the hybrids are 
independent of the particular primer used. Surprising a few 
fragments are amplified preferentially with one of the primers 
eg. a 350bp product amplified from the C25 hybrid with PDJ67. 

There is no suggestion here that this 350 base pair fragment 
encodes a gene nor would it be expected to. 

Aslandis et al. does not describe a repeat sequence that is 
suitable as a target for oligomer primers for use in amplification of a 
gene or genes but instead uses Alu PGR as an initial step in isolation 
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of the probe itself. Aslandis states on pg 6765 col 1 and 6766 col 2 
(results): 

Our approach is based on the use of Alu PGR from hybrid cells as 
the initial step in probe isolation. 

In the course of our physical mapping studies, we became 
interested in obtaining probes for the region of 19q 13.2-3 by Alu 
PGR. 

In contrast to the above, applicants have described a method 
for cloning one or more genes that are present in a cassette array. 
There is no apparent equivalent of a cassette array in Aslandis et al. 
Moreover, the claimed method requires that each gene is embedded 
in a predictable nucleotide sequence context which includes identified 
repeat sequences flanking e ach gene in the cassette array to which 
specific oligonucleotide primers hybridize. 

No such equivalent arrangement can be discerned by the 
applicants in the Aslandis reference. Moreover, Applicants have 
amended the claims to further specify that the genes for cloning are 
prokaryotic genes. This further distinguishes the claimed method from 
that of Aslandis et al. in which coincidence cloning is applied 
specifically to primate genome sequences. 
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Claim Rejections - 35 U.S.C. S103 

(1) Claims 2 and 18 are rejected under 35 U.S.C. §103(a) over 
Russell, et al. (U.S. Patent No. 6,312,944 Bl (November 6, 2001)) in 
view of Aslanldis, et al. (Proc. Natl. Acad. Sci. USA (August 1991) 
88:6765-6769). 

The Russell reference is directed to bacterial DNA whereas the 
Aslandis reference is specifically directed to human DNA and relies on 
Alu repeats associated with human or primate DNA. Moreover, there 
is no suggestion In the art that the principle of coincidence cloning 
used to analyze human-hamster hybrids would be suited for obtaining 
a diagnostic antigen for pneumococcus. There would be no motivation 
for one of ordinary skill in the art to combine these disparate 
references 

Therefore, applicants respectfully request that the Examiner 
reverse the rejection. 

(2) Claim 3 Is rejected under 35 U.S.C. §103(a) over Xu (U.S. 
Patent 5,492,823 (February 20, 1996)) in view of Aslanldis et al. {Proc. 
Natl. Acad. USA (August 1991)) 88:6765-6769). 



The Xu reference is directed to bacterial DNA whereas the 
Aslandis reference is specifically directed to human DNA and relies on 
Alu repeats associated with human or primate DNA. Moreover, there 
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is no suggestion in the art that the principle of coincidence cloning 
used to analyze human-hamster hybrids would be suited for cloning a 
restriction endonuclease gene from a Bacillus. There would be no 
motivation for one of ordinary skill in the art to combine these 
disparate references 

Therefore, applicants respectfully request that the Examiner 
reverse the rejection. 

(3) Claim 4 is rejected under 35 U.S.C. §103(a) over Stein, et al. 
(U.S. Patent 5,491,060 (February 13, 1996)) in view of Aslanidls et al. 
{Proc. Natl. Acad. Sci. USA (August 1991) 88:6765-6769)). 

Stein et al. is directed to bacterial DNA whereas the 
Aslandis reference is specifically directed to human DNA and relies on 
Alu repeats associated with human or primate DNA. Moreover, there 
is no suggestion in the art that the principle of coincidence cloning 
used to analyze human-hamster hybrids would be suited for cloning a 
bacterial methylase gene. There would be no motivation for one of 
ordinary skill in the art to combine these disparate references 

Therefore, applicants respectfully request that the Examiner 
reverse the rejection. 

(4) Claim 19 is rejected under 35 U.S.C. §103(a) over Gruber, et al. 
(U.S. Patent No. 6,495,349 Bl (December 17, 2002)) in view of 
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Russell, et al. (U.S. Patent 6,312,944 Bl (November 6, 2001)) further 
in view of Aslanldis et al {Proc. Natl. Acad. Sci. USA (August 1991) 
88:6765-6769)). 

Gruber et al. Is directed to retroviral DNA whereas the Aslandis 
reference is specifically directed to human DNA and relies on Alu 
repeats associated with human or primate DNA. Moreover, there is 
no suggestion In the art that the principle of coincidence cloning used 
to analyze human-hamster hybrids would be suited for forming a 
recombinant retrovirus. , There would be no motivation for one of 
ordinary skill in the art to combine these disparate references 

Therefore, applicants respectfully request that the Examiner 
reverse the rejection. 

(5) Claim 20 Is rejection under 35 U.S.C. §103(a) over Coruzzi et 
al. (U.S. Patent 5,391,725 (February 21, 1995)) in view of Russell et al. 
(U.S. Patent 6,312,944 Bl (November 6, 2001)) further In view of 
Aslanldis et al. {Proc. Natl. Acad. Sci. USA (August 1991) 88:6765- 
6769). 

Coruzzi et al. Is directed to plant DNA whereas the 
Aslandis reference Is specifically directed to human DNA and relies on 
Alu repeats associated with human or primate DNA. I^oreover, there 
is no suggestion in the art that the principle of coincidence cloning 
used to analyze human-hamster hybrids would be suited for plant 
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DNA. There would be no motivation for one of ordinary sl<ill in the art 
to combine these disparate references 

Therefore, applicants respectfully request that the Examiner 
reverse the rejection. 

For the reasons set forth above. Applicants respectfully request 
that the rejections set forth in the Official Action of June 26, 2003 be 
withdrawn and submit that this case is in condition for immediate 
allowance. Early and favorable consideration leading to prompt 
issuance of this Application is earnestly solicited. Applicants petition 
for an extension of three months under 37 C.F.R. 1.136 and enclose a 
check for $475 covering the extension fees. We authorize that any 
additional fees that may be due be charged to deposit account 
number 14-0740. 

Should the Examiner wish to discuss any of the remarks made 
herein, please call the undersigned at the number shown below. 



Respectfully submitted. 



NEW ENGLAND BIOLABS, INC. 





Harriet M. Strimpel D.Phil. 
(Reg. No.: 37008) 
Attorney for Applicant 
32 Tozer Road 

Beverly, Massachusetts 01915 
(978) 927-5054; Ext. 373 
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ALU REPEATS AND HUMAN 
GENOMIC DIVERSITY 



Mark A. Batzer* and PrescottL Deininger^'^ 

During the past 65 miOion years, Aiu elements have propagated to more than one mtilion 
copies in primate genomes, which has resulted in the generation of a series of Mu subfamilies 
of different ages. Alu elements affect the genome in several ways, causing insertion mutations, 
recombination between elements, gene conversion and alterations in gene expression. 
Alu-insertion polymorphisms are a boon for the study of human population genetics and 
primate comparative genomics because they are neutral genetic markers of identical descent 
with known ancestral states. 
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The role of mobile elements in the shaping of eukary- 
otic genomes is becoming more aiid more recognized. 
Mobile elements make up over 45% of the human 
genome. These element;; continue to ajuplily and, iis a 
result of negative effects of their transposition, they 
contribute to a notable number of huniaii diseases. AH 
eukaryotic genomes contain mobile elements, 
aUhotigh the proportion and activity of the classes of 
elements varies widely between genomes. xVlobile ele - 
ments are important in insertional mutagenesis and 
unequal homologous reconxbination events. They use 
ejctensive cellular resources in their replication, expres 
sion and amplification. There is cotisiderable deba te as 
to whether they are priniarily an intracellular plague 
that attacks the host genome and exploits cellular 
resources, or whether they are tolerated because of 
their occasional positive influences in genome evolu- 
tion. The recent completion of the draft sequence of 
the human genome provides an unprecedented 
op{x>rtunity to assess the biological properties of Alu 
repeats and the influence that they have had on the 
architechtureof the hmnan genome. Here, we present 
an overview of the biology and the impact of Alu 
repeats ~ the largest family of mobile elements in the 
htnnan genome. 

Discovery and orisin of Alu elements 

The ter m 're p e ti t i ve e lem e n t' descr ibe s v ar iou s D NA 
sequences that are present in multiple copies in the 



genomes in which they reside. Repetitive elements 
can be subdivided into those that are tandemly 
arrayed (for example, microsatellites, MiMSATiiLUTEs 
and telomeres) or interspersed (for example, mobile 
elements and processed PSEuooGiiNHs). Interspersed 
elements can be subdivided on the basis of size> with 
short interspersed elements {SINEs) being less than 
500 bp long^*^. Alu SINEs were identified originally 
almost 30 years ago as a component in huniim DNA 
fiENATCRATiON'ouRVES-'-^. The name 'At u elements' was 
given to these repeated sequences as members of this 
family of repeats contain a recognition site for the 
restriction enzyme A/uI rRUK 5>. Subsequent detailed 
analv'ses of this portion of the renatn ration curves led 
to sequence analysis of individual Alu elements. They 
were initially cloned using linkers with ^t^^iHI restric- 
tion endoiuiclease sites that resulted in the generation 
of Bam-hnked ubiquitous repeat (BLUR) clones'-^. 
Full-length Alu elements are -300 bp long and are 
commonly found in introns, 3' untranslated regions 
of genes and intergenic genomic regions (BOX i). 
Initial estimates indicated that these mobile elements 
were present in the human genome at an extremely 
high copy number (-500,000 copies)'. Recently, a 
detailed anal>'sis of the draft sequence of the human 
genome has shown that, out of more than one mil- 
lion copies> Alu elements are the most abundant 
SINEs> which tnakes them the most abundant of all 
mobile elements in the human «enome^. Because of 
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their high copy number, the Alu gene family com - 
prises more than 10% of the mass of the human 
genome^ and as Ain sequences accumulate preferen- 
tially in gene-rich regions, they are not uniformly dis- 
tributed in the human genome* ". 



Box 1 [Atypical human Alu element and its retroposition 

llie striicturc of cadi Alu elcnieut is bipartite, witli ttie 3' half containing an additional 
31 -bp insertion (not sliown) rdalive to tlxe 5' half 'Ilie total leuglli of eadi Alu sequence 
IS -300 bp> depending on the length of the 3' oligo(dA) rldi tail. The elements also 
contain a central A rich region and are flanked by short intart direct repeats that are 
derived from the site of insertion (black arrov^s). The 5' half of each sequence contains an 
RNA-polymerase-lll promoter {A and B boxes). The 3' terminus of the Alu dement 
almost always consists of a run of As tliat is only occasionally iiitersperift»d with oilier 
bases (a). 

Alu elements increase in number by retrotransposition - a process that involves 

reverse transcription of an Alu-derived liSA polymerase ill transcript. As tlie Alu 
dement does not code for an RNA-polymcrase-lII termination signal, its transcript will 
therefore extend into the Hanking unique sequence (b). The typical RNA polymerase-lll 
terminator signal is a run of four or more Ts on the sense strand, which results in three Us 
at the 3' terminus of most transcripts. It has been proposed that the run of As at the 3' end 
of the Alu migttt anneal directly at llie site of integration in line genome for target-primed 
reveree transcription (mauve arrow indicates reverse transcription) (c). It seems likely 
that the first nick at the site of insertion Is often made by the LI endonudease at the 
TTAAAA consensus sate. The mechanism for making the second site nick on the other 
strand and integrating the otlier end of tlie Alu element remains undear. A new set of 
direct repeats (red arrows) is crated during the insertion of tlie new Alu element (d). 




The origin and amplification of Alu elements are 
evohitionarily recent events that coincided with the 
radiation of primates in the past 65 million years*-. 
Detailed sequence analysis of the structure of AUi ele 
nient RNAs ttas indicated that Ahi elements were ances- 
trally denvc\l trom the 7SL RNA gene, which forms part 
of the ribosome complex". Therefore, the origins of 
more than 1.1 million Alu elements that are dispersed 
throughout the human genome can be traced to an ini- 
tial gene duplication early in primate evolution, and to 
the subsequent and continuing amp I iticat ion of these 
elements. This type of duplication, followed by the 
expansion of a SINE family, has occurred sporadically 
throughout evolutionary history in tnammahaix and 
non -mammalian genomes (lor reviews, seeRP.F$ ijt). 
The origins of a variety of SINEs can be traced to the 
genes of various small, highly structured l^'As, such as 
transfer RNA genes, tlte transcriplion of." wiiich depends 
on RNA pol>'nierase 111 (RHFS ijs-is). The expansion of 
SINEs of different origins has occurred simultaneously 
in several diwrsc genomes, and although the reas<:>ns tor 
this simultaneous expansion are unknov^Ti, there have 
been many interesting discussions about the foctors tliat 
miglit liave corUributed to it^ 

Alu- element mobilization 

The amplification of Alu elenxents is thought to occur 
by the reverse transcription of an Alu derived RNA 
polymerase III transcript in a process called retrotrans- 
posilion^^, A sctiematic diagram of the generally 
accepted mechanism for Alu element mobilization is 
shown in BOX i. The Alu -derived transcript is thought 
to use a nick at its genomic integration site lo allow tar- 
get-primed reverse transcription (TPRT) tooccur-'^^. 
However, there is limited direct evidence for the TPRT 
mechanism, and it is possible tliat other triechanisnhs, 
such as self- priming of reverse transcription by the Alu 
RNA'-^^, might also contribute to the amplification 
process. Because Alu elements have no open reading 
frames, they are thought to*lx>rrow' the factors that are 
required for their amplification from long interspersed 
elements (LINT^s)^^. These elements have been showrt 
to encode a timctional reverse iranscriptase^^-^" tliat also 
has an endonudease domain- which makes them 
putative providers of the exogenous enzymatic func' 
tions that are thought to be crucial for Ahj -element 
amphfication. Furthermore, the poly(A) tails of LlNEs 
and All! elements are thought to be the common stmc- 
tm-al features that are itivolved in the competition of 
these mobile elements for the same enzymatic machin 
ery Ibr iriobilization^'. In support of this cormection 
IxHween IINT, and Alu uiobilization, it is interesting to 
note that the number of LINEs that is present in 
mammalian genomes has increased during the past 150 
million years of evolution-^^^ — a period that also 
encompasses Alu -amplification activity Therefore, 
LINEs seem to have supplied the crucial reverse tran- 
scriptase activity that resulted in the subsec^uent gener- 
ation of various SINE families in ditTerent mammalian 
genomes that have amplified to extremely high copy 
in.nnl>ers in a relatively short e\'olutionary time frame. 
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Sx GGCCG<;<^GCGGTG«:TClACGCCTGTJUiTCC(:aiGCACTTTG^^ 



Sit CiUMAGTTCGJ«iRCCA^CTGGCCAAOiTGGTGAAACCCCGTCTCTACTAAIU^ 




Sx GGCGTGGTGGCGCSCGCCTGTAATCCCAGCTACTCGGGJP^ 



S X GGCGGAGGTTGCAGTGASCCGAiSATCGC GCCACTGCACTCCAGCCTGGCCGACAGAGC £iR(iRCTCCGTC TC 




Rgt ire 1 j AlignmOTt of AIlh subfamily consomid sequenced. The oonsenais serf.ieix;e for 
frie Ah.} Sx £^Jb^ami!y is sf"K"^vn at the top, -vvith the ser^uaioes of projessivefy yo(.iriger Mj 
si ibfamDies tnclerneatlt. Hie dots rep eserit the same nxiec*tides as the cx'xisensiis seriijence. 
OeleyC'Tis are ff^town as dashes, e^id rrtjtations are shown in cdoursd boxes; aO are ccia ir-oc-ded 
acceding tr.> the family in which ttie ancestral inijf^itlc^t arc^se. Eactt of tiie ne^ver sii:ifamtiies, si jcIi 
as Ya5 or Yb8, i~ias all die mtitations of tfte ancestral etenierits, as wdl as frve o*" eight extra 
tnjtations, respecti^yeSy, that are diagnostic for the partiajlar Ali.i st.jbfaimiiy. TNs figure pnnTarily 
iii istrates the riewer si.ibfamHIes and does not attempt to show many of tfie c»ida' Alu subfamilies. 



Alu source genes and subfamily stmcture 

Only a ("ew human Alu elements, the so-called 'master* 
or source genes, seem to be retro transposirion compe 
tent^*'. Individual Alu copies contain an internal 1^A~ 
polymerase- III promoter, but this promoter is not 
sufficient for active transcription in vivc^\ as appropri- 
ate flanking sequences are required for its acti^'ation 
So, most new Alu copies in the human genome are> by 
oleti n i tioii , n on- fu n c t ionallb ssil rel i cs wi th respec t to 
retrotransposition unless they fortuitously land in a 
region of the genome that confers activity to the incom- 
plete RNA-polyrnerase-in promoter. Transposition of 
elements that are fortuitously activated might be short 
lived, because individual Alu elemenls cdny 24 or more 
CpG di nucleotides^-^ that are prone to mutation as a 
result of the deamination of 5 methyicytosine 
residues^^^. Mutations in the CpG din ucleo tides of a 
newly intc*grated Alu oleirienl cotild there (ore minimize 
or eliminate the retrotransposition capability of a newly 
integrated Alu repeat, hi addition, the homopolytneric- 
A-rich tails of individual Alu repeats are thought to be 
important in the amplification process''^ and might 
rapidly mutate into simple sequettce repeats after the 
integration of a new Alu elemeiit-^^^ The decay of 
A-rich Alu tails provides a second potential mechanism 
for the retrotranspositional quiescence of indK'idual Alu 
repeats, Tlierefore, individual Alu repeats seem to have 
very little chance of acting as long-lived amplification 
drivers tV>r the expansion of Alu-element copy 
luimber^'- Although the essential features that define an 



MIMS-ATEIirrE 
A class of rqjethiv? sequences, 
7-100 nudeotides eachi that 
q>an 500 ■■20,000 bp^ and are 
espec iaily located th rougjiout 
the gtnome, towards 
chromosome ends, 

PSHUDOGENE 
A ON A sw^ueiue ill at ^'ns 
derives] orityiiially from a 
iljiirt ioTial protdn-iodirig gciK^ 
that has lost its tiinaion owing 
to the presence of one or more 
inactivatii^ mutations, 

RHMAl'URA'nON CURVE 
A plot of DNA aniieaiing as a 
fuiicvionof DNA cr»rK:wit.nition 
and tirn^, 'ilie aimnjnt of DNA 
(as a percdiitagt) that lias 
renatiir^J t reasso^ialed/ 
leaiinealed) plotted against 'C^r, 
^iiere ' refers to the initial 
DNA concentration and ' t' is the 
time of renattiration. 

PAIRWISE DP/ERCJENCE 
'Hie rmmlier of nticl^of idf; 
diffi^rtnia^s IxTAvecn two al!gn^^d 
DNAsfqut-nce?. 



Alu element as a retrotransposition -competent source 
gene are not tiiUy understood> several tactors have been 
suggested to influence the amplification pKKV^s. Tliese 
include transcriptional capacity of individual elements, 
ability of the specific transcript to associate with the 
retrotransposition mechanism, and possibly the length 
and homogeneity of the A tail to allow effective 
priming^---^-'^'^^'^. 

Mutations that accumulate in the sotirce genes are 
subsequently inherited by their copies. Therefore, the 
human Alu family is com|X)sed of several distinct sub- 
families of ditfierent genetic ages that are characterized 
by a hierarchical series of mutations. Several laborato 
ries have identified a number of human Alu elements 
that share common diagnostic sequence features and 
comprise subfamilies or clades that have expanded in 
different eTOliitionar)' time frames* as reviewed in RER i . 
FIGURI- 1 compares the consensus sequences of several 
Alu subtamilies. Older Alu subfamilies are characterized 
by the smallest number of diagnostic subfamily-specific 
mutations. These older elements have also accumuhted 
the largest number of random mutations ( up to 20% 
PAIRWISE DiVERGENCE), which confjmis their ancient 
origin*. By contrast, the younger families of Alu ele- 
ments are characterized by an increasing number of 
subfamily "Specific mutations, together with a smaller 
niimlxT of random mutations (as little as ().J,% pairwise 
divergence) that accumulate after the individual Alu ele- 
ments integrate into the genome'^'**"^. 

Alu amplification rate 

The rare of amplification of human Alu elements has 
uotbeen muform*'. FiGURi?. 2 illustrates the pattern of 
expansion of the Alu family in primate genomes in rela 
tion to the approximate subfajnily size. Most of tiie Alu 
repeats duplicated tnore than iO million years ago. Etrly 
in primate evolution, there was approximately one new 
Alu insertion in every primate birth. By contrast, the 
current rateof Ahi amplification is estimated to be of 
the order of one Alu insertion in every 200 births'*^, St^, 
the rate of Alu amplification has decreased by at least 
two orders of magtiilude throngliour the expansion of 
the family Alt hougl I the underlying re;isf>ns behind the 
decrease in the amplification rate are unknown, changes 
in the relrotTansposition potential of mobilization ■ 
competent Alu elements thai result from altered tran- 
scription or reverse transcription might be to blame"*^. It 
might also be a consequence of a decreased a\^ihil:>ility 
of empty insertion sites for the integrationof new Alu 
copies — most of these sites are already occupied by 
older Alu elements. Furthermore, one might speculate 
that the human genome has ex'olved towards restricting 
the amplification of these elements, similar to the way 
that genomes of model org-anisms, such a.s Drosopkila 
melanogastery restrict amplification of other ty'jtes of 
mobile elements^^. 

Recently integrated human Alu repeats 

Alu elements that are unique to the human genome 
were initially identified on the basis that they share a 
higlier number of diagnostic point mutations, at id that 
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Rgtire 7. \ The expansion of Alu elements in primatea. Ibe e^qpartsion c*f Afu sti>fairdiies (Yc t , 
Ya5a2, Yfo9, Yb8, Y Sg1 , Sx and Jt is sijpeiinnp^:>set:l ai a tree C'f pimate evc4utiort. The expartsio^n 
of the varioiK Alij Rii:)farrii8es is colC'i.ir coded to denote tl-»e titnes of peak ampSticatton. The 
approxitnase copy nuni>;rs of eadi Ab stibtan diy aie also nc^ed. ^vVa, miiion years ago. 



Jlicy were polyniorfjhic with respect to their presence or 
absence in diverse hiiniaii genomes^-^-^"*"^-. Almost ail of 
the recently integrated human Alu elements belong to 
one of several small and closely related 'y'oung' Ahi sub- 
families, knowii as Ycl, Yc2, Ya5, Ya5a2, YaS, Yb8 and 
Yb9 (REFS ?5.44-"iCs52-o3). With the exception of the Alu 
Y- family elements, and of a small number of elements 
from the other Voung* subfarni]ies*^ -'*^^*> individual 
members of these young Alu subfamilies that are pre- 
sent in the human genome are not fountl at oRTHoix>r,ous 
positions in the genomes of other great apes. These 
largely human-specific Alu subfamilies represent only 
~().5% of all tlie Alu repeats in the human genome and 
have iimplified in tlie tiuman genome in an overlapping 
time frame, as shown in w^. ?. 

Although some newly integrated Ahi elements result 
in detrimental mutation events in the human genoirte 
(see below), the vast majority of recently integrated Alu 
elements have had no apparent negative impact on the 
genome and represent new, essentially neutral, nuitation 
events. After a new, neutral Alu insertion integrates into 
the genome, it is subjected to GENTmc DEnr. So, the prf.)ba- 
bility that it will ho. lost f rntn the population is initially 
quite high, depending on the size of the population (the 
greater the population size, the luore likely it is to be 
lost). But, over a short periwl of time, the Alu element 
will increase in frequency ill the population. Because the 
amplitication of Alu repeats is a continuing process, a 
series of Alu elements must have integrated into the 
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human genome at different times. Theiefore, the time of 
origin of a new Alu insertion directly attects the spread 
of this insertion through the species or the population. 
Depending on when, in primate evolution, an Alu ele 
menr has integrated into a primate genome, it will be 
shared by one or tnore species. But even the elements 
that ai e only found in a single species inight have ar isen 
at different times. .Some memlxrs of the 'yt^uig" Alu sub- 
families have inserted into the human genome so 
recently that they are polymorphic with respect to the 
presence or absertce of insertion in difterent human 
genomes^^ Tliose relatively few elements that are present 
in the genomes of some individuals and absent from 
others are relerred to as Alu -in serf ion polymor- 
phisms-"^-^-^^-^. Individual Aki elemems might be tbinid 
in a single population, a single tamily or, in the case of 
the de navo^w insertions* in a single individual, depend- 
ing on the genetic drift that occurs alter the initial inte- 
gration of that element into the human genome i'Fig.4). 

The 'yoimg' Alu subtamilies are composed of ~5,CXX) 
Alu elements that have integrated into the human 
genome in the past 4-- 6 million years after the diver 
gence of humans and Atrican apes:*^'*^^'-^^-^, but most of 
them integrated before the African radiation of 
humans** ^^-^^-^^^ So, these Alu repeats are monomor- 
phic for their insertion sites among diverse htuiian 
genomes. However, -25% of the you Tig Alu repeats 
(-1,200 elements) have inserted into the human 
genome so recently that they are dimorphic for the pres 
ence or absence of the insertion, which makes them a 
useful source of genomic polymorphism'' 

Alu-insertion polymorphisms 

The analysis of himian Alu -insertion polyiuorphisms 
has been used to address several questions about human 
origins and dcmography"'-'-^--*^--''. In several instances, 
many ty^^es of genetic variation (such as mitochondrial 
DNA sequences or resn iction- fragment length polymor 
phisms (RFLPs)) have been examined in overlapping, 
diverse human populations and have provided largely 
congruent results with respect to the history of the 
human popuhtion^**^''\ Alu-insertion polymor()hisms 
have several characteristics that make them itnique 
reagents for the study of human population genet - 
i^-j,st.:'<>-6i Individuals that share Alu iiisertion polyiuor- 
phisms lijiw inherited the AluelemetUs frorti acomnton 
ancestor, which makes the Alu-insertion alleles identioU 
by descent. The identical -by-descent luUure of SINE 
insertions tliatare used in phylogenetic sludies'^"^^ has 
previously been queslioned^^, and several examples of 
SINB insertions that have occurred at or near the sante 
genomic regioti have recently been reported^^'^ 
However, variation in the presence or absence of SINK 
insertions seems to be quite rare, and is a function of 
Ix^th evolutionary time and retTOtrans(X)silion rate. Tliis 
is particularly true with respea to Alu-insertion poly - 
morphisms,iis the probability of two independent Alu 
insertions occurring in the same genotnic region in the 
himian population, given the current rate of Alu retro- 
transfXisition ajid the relatively short evi>lutionary time 
frame that is involved, is essentially zero'"^-^. Tli ere fore, 
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^ Alu- insertion polymorphisms are essentially homoplasy- 

free characteristics that am be used to study human pop- 
tilation genelics^^^. Ixi addition, there is no exndence for 
any tyjie of process that specifically removes Alu ele - 
ments from the genome; even when a rare deletion 
(Kcu rs, i t leaves beliind a mo kvij Lir sign atu re^. By con- 
trast, other types of genetic polymorphism, such as 
vari-able nuntlx;rs of tandem repeats*^', RRJ*s^' and sin- 
g!e-nucleotide polymorphisms (SNPs)^"**, are merely 
identical by state; that i$> they have arisen as the result of 
several independent paraHel mutations at different times 
and have not been inherited from a common ancestor. 
Alleles that are identical by descent have been directly 
inherited trom a commori ancestor. Alleles that are iden- 
tical by state have the same character state, but have not 
been inherited from a conmion ancestor. The ancestral 
state of Alu insertion pohanorphisms is kno\Mi to be the 
absence of the Alu element at a particular genomic loca- 
jjQjj5i.59.«f Precise knowledge of the ancestral state of a 
genomic polymorphism allows us to dmw trees of popu 
lation relationships without making t(x^ many assump- 
tions^^*^'-^'-*^^. 

Alu elements as insertion mutations 

The diversity created by a new Alu insertion can have a 
rare positive impact on the genome; for example* 
through the advajitageotis alteration of gene expression 
or the occasional incorporation of the Alu element into 
the protein- encoding portion of a gene*'^'. More com- 
mofit)^, the insertion of a new Alu repeat results in one of 
several negative effects (tor a review, see ref. 48). Genetic 
disorders can result from different types of mutation that 
arise following the insertion of an Alu repeat (FiC. 5a). 
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Rgtite 3 1 Expan»on of recentty integrated human Alu 
siisfamilied. Severs^ subfamilies of Alu dent^rits hiave 
esxpaixied simultanecjosly In the N iman genane pirrianly from 
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brackets. ^Mu sutiamilies wttfi smaller ccpy riLirrbers artci Ngtter 
levels C'f insertion polymc^sm are generally thoi.ight to be 
nwe recent in otigin in tfte human genf>nra. The tree is based rt 
the mi.itationR that defirte each Afu sutDferrily. The titne-frame fa 
dispersal of these /Mu subfat'nilies is shaw in P)G. 2. 



An insertion of an Alu element might alter the tran 
scription of a gene by changing the methylation status 
of its pn:)moter, by disnipting its promoter or by intro- 
ducing additional regulatory sequences, such as the 
binding sites for steroid-hormone receptors, that arc 
contained in some Alu- family members^*. 
Alternatively, an Alu repeat might integrate direcdy 
into the coding region of a gene and disrupt the open 
reading frame, which generates a nonsense or 
franieshift mutation* or disrupt the splicing of a gene. 
Alu insertions account lor of all human genetic 

disorders, such as neurotibroniato^is, tiaemophiilia, 
breast cancer, Apert syndrome, choHnesterase defi - 
cienc>'aid compjement deficiency**. 

Alu elements and recombination 

Because Alu repeats are the largest multigene family 
in the human genome (hey might also act as nucle- 
ation points for homologous ^ecombination'*^ 
Homologous recombination between dispersed Alu 
elements might result in various genetic exchanges, 
including duplications, deletions and translocations 
(FIG. 5b), Across longer evolutionary time lxames> these 
types of event are probably a mechanism for the cre- 
ation of genetic diversity in the human genome, and 
they have been suggested as a putative mechanism for 
the diversitlcation of the tropohi.asttn genes during 
primate ewUmon'^^ 

Alu mediated recombination events might occur in 
the soma or in the germ line. Some regions of the 
genome, such as the low- density lipoprotein locus, seem 
to be more susceptible to Alu -mediated recombination 
events than others. Although a high density of Alu ele- 
ments is likely to contribute to a high level of unequal 
homologous recombination, it does not seem to be sufFi 
cient, because several genes with very high Alu cotitent 
are not particular ly prone to this tyjie of recombination 
damage — for example, thymidine kinase or fJ-tubulin*^ 
levels of intrachromosomal recombiiiation have preW- 
ously been shown to be directly related to the length of 
miinterrupted regions of nucleotide identity, widi higher 
rates of recombination being associated with longer 
stretches of nucleotide identity^''. Therefore, the level of 
recombination between Alu elements from dilJerent sub- 
families should v"ary as a liutcrion of pairwise secjuence 
divergence l>etween elements^ with older Alu elements 
that have higher pairwise divergence (-IS-^Oo) being 
much less likely to recombine than younger Alu inser- 
tions that have lower pairwise divergence ( < 1%). It is also 
interesting to note that the rapid mutation of methylated 
CpG dinucleotides in newly integi-ated Alu repeats^*'^- 
would tend to increase the pairwise divergence between 
Alu elements and provide one potential mechanism for 
the establishment of a barrier against siibsecpient Alu- 
mediated homologous recombination events in the 
genome. Various inherited disorders have been caused by 
Alu-mediatai recxmiljinalion, ii^chiding insuHn-resisL'jnr 
diabetes type II, U'sch-Nyiian s>iKirome,Tay-Saclis dis- 
ease, complement component C3 deficiency, iamilial 
h y pe rc f jo lesterola e m ia a nd a - tb al assaem ia*^. Seve ra I 
[yyes of cancer, including Ewing sarcofna,breast cancer 
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RgLtre 4 j Spread of an AJu insertion. Ihe ancestral i-mian 
popidatbri is si-Kv.'n at tfie top, and two sepGf ale 
SLJtpcpiilatic?ns are s^iown below. A rnc-nc-rrKf pi-tic Affj trisertioc! 
(PEXl) is shared by <i nierrtwrs o! the poputatbri. Several Alu 
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interrnecialetrequerv^V Aiu inserliC'ri pdynxjf ptiisnr) irt It le 
arK^estral and aut-popdatlor^s (groenO. a pci:olationspecific 
eiemait (blue) ard a do rnyvo insert in siiDpiopJation B {maLrve). 



and acute myelogenous leukiofuia tia%'e also been assod- 
a ted with AJu-niedialed rea>rnbination*^, OverdJi, -"0.3% 
of all human genetic diseases seem to have resulted from 
Alu -medLited unecjual lioniologous recombination''*. 

There is also some evidence that Ahi elements that 
insert into an inverted orientation are more prone than 
others to iOegitirnate recoriibination^-^-^. Ir has l^en sug- 
gested that these types of recombination events might 
have resulted in a genomic depletion of Alu elements 
with inverted orientation. Howe\'er,identityingAlu ele- 
ments that are responsible for such events has proven 
much more ditfjcult than detecting Alu -mediated 
homologous recombination events for two reasons — 
the hiverted elements result in illegitimate reajmHnation 
events, and it is difticult to determine, in individual 
recombitiation events^ whether the Alu elements con- 
tributed to tlie event or were mere! ylcKa red fortuitously 
nearby. So, the total contribution of Alu elements to 
rea>mbi nation-mediated diuui^e to the human genome 
might t>e mucli li^iei: than the estimates cpioted alxwe. 



Apart from the propensity of certain genes to have 
highly increased A hi -mediated recombination, it is 
probal^le that the extent to which this prcKOSS acttially 
occurs varies between individuals. For example, model 
studies show that TP5:i {which encodes p53} mutants 
are much more prone to both homologous and 
inverted Alu -mediated recombination events^^. So, 
individuals witli defects or polymorphisms in 
might Ix^ more prone to these types of event as a result 
of increased levels of homologous recombination, as 
well as possibly decreased sensitivity to base-pairing 
fidelity that would presumably allow recombination 
between more poorly matched homologues. 
Furthermore, as genes stjch as TP53 becx^me inactivated 
i n tu m origen esis, A lu - m edia ted recom bin at i on even is 
are likely to be a principal factor in progression of the 
tumour through loss of utTHRozYcor-nY and genomic 
rearrangements. 

it is also possible that Alu insertions have more sub- 
tle consequences tor genomic stiiicture and function - 

for example, chromosomal recombination rates are 
influenced by non homologous regions, l^evious stud- 
ies have indicated that a mobile- element insertion 
might be responsible for a nuirked decrease of recombi- 
nation in the viciniry of insertion'*'^ *'. Such a decrease of 
recombination might influence the reassociation of 
haplo types in the vicinity of a polymorphic Alu itiser- 
tion. Early in primate ewlution, this type of local dis- 
ruption of chromosomal recombination might have 
contributed to chromosome incompatibilities that 
accelerated speciation. 

Alu elements are distributed in the genome with a 
strong bias towards the rru>re gerte-rich cliromos(.)mal 
regions'"^ ^ It seems unhkely that this bias is due to 
insertional preferences, because Ll elements have 
almost the opposite chmmosomal distribution, and the 
younger Alu elements do not show this chromosomal 
bias'^ Therefore, it has been suggested that Alu elements 
might have a limction that imposes post- insertional 
selection pressures that change the distributiori of tlie 
older Alu elements*, although some recombination - 
based prcKess that can alter their chstribution catinotbe 
ruled out. However, even the younger Alu elements in 
that study were old enough to be ftxed in the himian 
genome. Once elements are fixed in the genonje, there is 
no longer enough diversity for natural selection to act 
on, and therefore natural selection is unlikely to be 
important'^ Therefore, we believe that the relatively 
high Alu-Alu recombination rate is likely to be respon- 
sible for the gradual depletion of Alu elements in the 
gene- poor regions. Recombination events in the more 
gene- rich regions are more likely to provide a selectiw 
disadvantage, resulting in the gradual loss of Alu ele- 
ments trom tlie gene- poor regions. 

Alu elements and simple sequence repeats 

Several laboratories have done computational and 
empirical studies of Alu insertions and of simple 
sequence repeats in the human genome, and noted an 
ass<.Kiation in thedistribittion ol these two classes of 
repeated sequences''"'*^*'^'.\\Tien a new Alu element 
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Rq! re 5 { Schematic of Ali> induced damage to the human genome, a j P^tendal 
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represerit exons. Hie red arrow?; shrAv existing A*u elements that are orientaierl st different 
di( ectic*is irt the Introns of the gene. The site of insertion oi an elernent influences tlie effect d 
tftfs insertion on the ger*ome as shovvn. b \ Unerjual. homdogajs recombriation between hvo 
/Mu eiennents tliat are k>cMed in ^wo diffet enf introns. Thte arravs that are broken by riaslted lines 
shiow the patft of tlie reoofnbination event. The genes below show t^iat a deletion has occurred in 
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(mc^iifiai with permission frc-m figure 1 in REJl as). 
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integrares into the genonje, it brings along two 
additional sources of simple sequence repeats: in the 
middle, the A- rich region (that contains the sequence 
A,TACA^) and the oligo(dA)-rich tail (which can be a 
perfect A repeat, up to 100 bases long). In addition, indi- 
vidual Alu repeats are also flanked by short (A-t T) rich 
direct repeat<id sequenceji that form when the elements 
integrate into staggered chromosomal breaks, and are 
thought to arise as a result of the endonucleolytic activity 
of UNE-derived reverse transcriptase^*. The homotx^ly- 
meric simple sequences in Alu elements are the legist 
complex simple sequence repeats in the human genome. 
So, the association between Alu elements and 
hornopolymeric simple sequence repeats in general is 
not surprising. These simple sequences are subjected to 
various mutational forces, including point mutations, 
ajid inter- and intrastrand crossover events, as well as 
replication slippage, all of which lead to changes in both 
length atid a>rnplexity of rlie repeals^'''^^*^^ 

N4ore than 25% of all the simple sapience repeats in 
primate genomes, including microsatellites, are associ- 
ated with Alu elements^. In some cases, tliis association 
miglit result from a randonr intention of Alu elements 
near e^tisting microsatellite sequences-'*. Alternatively, 
and more commonly, Alu elements themselves are the 
sou ice of hornopolymeric simple sec^uences tliat give rise 
to microsatellite sequence motifs, following additional 
nuitational events'^. Tlie analysis of Alu subfam ilies and 
of the recently integntted Alu elements has imiicaled that 
the hornopolymeric adenine sequences that lie m Alu 
element s are a source of primate micTOsatellites'*" -*'. In 
fact, because each Alu has two A -rich regions, we can 



estimate that together, genome- wide Alu elements pro 
vide at least 2.2 million potential sites for generating 
microsatellite repeats. There is aJst^ at least one example 
of the middle A rich region of an Alu element in the 
trataxin gene tliat can give rise to a triplet- repeiit expan- 
sion that is responsible tor Friodreicli ataxia^*' -•**^. Further 
computational and empirical studies are required to help 
us understand the mechanisms that generate these 
microsiUel]ites,and how the generation of nmtalions in 
these sequences and their rates differ across the genome. 

Alu elements and SNPs 

Several studies have invoK^ed repeated sequence analysis 
of individual Alu-family members that have only 
recently int<igrated into tfie human genome. Because of 
their recent origin* these young Alu elements ha\'e low 
levels of SNPs'^'^. Phylogenetic studies of the sequence 
diversity in and around Alu elements that are located in 
the a-fetoprotein gene cluster^''^ albumin'^'^' and around 
globin genes^*''^ ''*' have indicated that, once integrated 
into tfie genome, Alu eletnenls might mutate at a neutral 
rate. However, as already mentioned, the high incidence 
of CpG dinucleotides in new Alu inserts predisposes 
them to an appro.x.imately tenfold higher mutation 
rate''*-^^ Because there are -24 CpG positions in a new 
Alu insenion-^ roughly half of the SNPs in young Alu 
elements fall in these CpG dinuclet^tides. 

Several studies indicate that Alu elements, as well as 
other mobile elements, undergo a large amount of gene 
conversions*-^*'* None of the large-scale studies on 
Alu elements has systematically addressed the impact of 
ciiN£co.wERsioNon himian polymorphisms. Alu element- 
mediated gene conversion has been implicated in the 
inactivation of the CMP-N-acetylneuraminic acid 
hydroxylase gene in the human lineage^'-'. However, phy 
logenetic studies, as well as studies based on the very 
strong hierarchy of Alu subfamilies, have indicated that 
there might be very high levels of gene conversion among 
Alu elements" - . The only gene conversions that were 
detc\;table in those studies were tljose that cluinged one or 
more of the diagnostic, subfamily-specific mutations. In 
general, the gene conversions seem to invt)h'e relatively 
small regioiLs of 50-100 base pairs that alter only one or 
two of the diagnostic mittations, although gei^e conver 
si on of a complete Aht element has also been 
delecicvF'^'^^. Genc-cx,>nversion frequency varies l)etween 
Alu elements. In the case of relatively recently inserted Ya5 
elements that were converted to the older and nnjch 
higher copy number Alu Y subfamily, a conversion Ire- 
quency of -20% wits obsei-ved over a few million years"''. 
In another stttdy, of older Alu elements that were under- 
going gene conversion to the lowcxipy numlx'r Ya5 and 
Yb9 subfamilies, only ~I% of the elements had under- 
gone conversion over a period of 5-1 0 million years'^. 
Because these Ahi elements are older, they would have 
accumulated mismatches relative to their subfamily con- 
sensus sequences. Unfortunately, we cannot determine 
whether these dif ferences in the conversion rate were 
related to the copy niunber or mismatch levels between 
the ditferent Alu rc|>eats. It is important to lx*ar in mind 
tltat, because of detection limitations, these studies might 
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underestimate gene-coiwersion events between members 
of the same subfamily. 

The molecular mechanism behind these apparent 
gene-conyersion events is unknown. It is possible that 
tatidem integration of Ahi elements, followed by 
recombination between the two adjacent Aln elements, 
could create Alu elements with chimeric subfamily 
characteristics'"'^'^ Although this might explain a 
small proportion of Alu gene conversions, most would 
require double crossover events that are much more 
likely to occur by more traditional gene- conversion 
events. So lar, Die relative influences of copy number, 
mismatch and sequence polymorphism on Alu related 
gene conversion have not been determined. 

Irrespective of the moleajtar mechanism that under- 
lies Alu-mediated gene conversion* this type of sequence 
exchange is of great biologicaJ importance to Alu repeats 
and to the alteration of the sequence architecture of the 
human genome*--^^*''^^*^ Other types of mobile ele 
ment, such as 10. in yeast, have been shown to mobihze 
by gene-converting pre-existing elements' Hierefore, 
this process of gene conversion between Alu elements 
might, in fact> represent a second pathway for their 
mobilization in the human genome^'^***^. AltJiougli such 
a process will not influence the copy number of Alu ele - 
ments, it can alter the copy number of specific subfami- 
lies and also potentially result in activatioix or silencing 
of an Alu element at a specific locus by altering its pro 
moter sequences. Because Alu elements make up more 
than 10% of tlie human genome, ajid because they are 
associated with such a high level of gene conversion, it is 
probable that this type of gene conversion contributes 
considerably to the overall frequency of SNPs in the 
human genome"'-'. Similar types of gene conversion 
seem to contribute to SN-P diversity throughout the 
human genome''*-'*-*. Depending on their frequency, 
gene -conversion events could have an hnportant impact 
on the use of these SNPs as identical by descent mark- 
ers, bc^-ause gene conversion \TOuld etfectively generate 
parallel forward or backward SNP mutations. 

Alu elements and gene expression 

An estimated one -third of all human CpG dinudeotides 
are found in Alu sequences"**' and those that He in 
mobilization cx^n)pet4int Alu elcmente have been retained 
througliout65 million yc*;irs of evoUilion^-^-'^. Because the 
remainder of Alu sequence (non-CpG bases) has 
mutated at a neutral rate throughout subfamily evolu- 
tion, these CpG dinudeotides miglit have some turiction, 
either in the Alu sequences themselves or in the genome. 
In eukaryotes, cytosines c^an becx^me methylated to fbnn 
S-methylcytosine — an imjx:)rtant genomic nKxlificalion 
that firequently leads to a methyicytosine- to thymidine 
con\'ersion on replication and, potentially, to large-scale 
changes in gene expression, as a result of alterations in 
DNA methylation pattems"^ 'ITierefore, the conservation 
of these diimckH>tidt^ in Alu subfemilies migla indicate a 
form of selection for their retention in active Alu ele- 
ments. This is in contrast with the rest of the Alu 
sequences, which seem to have evolved at a neutral rate 
throughout piirnate evolutiorr''l 



Methylation levels that are associated with several 
Alu sequences have been shown to var>' in different tis- 
sues atdilTerent rimes t}irt>ugliout development'**^. Such 
spatial and temporal variation in Alu methylation is 
important in silencing their expression"* '^'*. In addi- 
tion, the decay of methylated CpG dinudeotides into 
TpG dinudeotides would also tend to increase the pair 
wise di vei^ence Ix^tween Alu repeats over lime, thereby 
decreasing the recombination between elements. 
Methylation of these CpG dinudeotides has been 
shown to influence gene expression in a subde, gene- 
specific majiner, as well as in genome-wide imprinting. 
These data indicate that Alu elements might act as 
global mcxiiliersof gene expression thn:)Ugli changes in 
thei r own metliyia tion status. 

The expression of Alu RNAs has been shown to 
increase in response tocellukir stress, and to viral and 
translational inhibition*^ ''''=^. In addition, Alu RNA has 
been shown to stimulate the translation of a reporter 
gene, w^hich indicates that Alu RNAs might have a role 
in maintaining or regulating translation (CM. Rubin et 

unpubUshed data). Hven though Alu elements tbrni 
a large niultigene family, the expression of individual 
genomic Alu elements in response to stress induction 
seems to vary from locus to locus, and to depend on the 
local genomic environment. So, aspects of both local 
and global changes in resjH^jnse to stress can be attrib- 
uted to Alit elements. 

Conclusion and future directions 

Alu repeats continue to generate genomic diversity in 
several ways. Their amplification has resulted in the 
generation of the largest family of mobile elements in 
the human genome. Several thousand Alu elements 
have integrated into the h inn an genome since the 
divergence of hun^ans and African apes**-^*^^^*''-; some 
of them have caused new detrimental mutations'*^. 
Additionally, recombination beuveen Alu elements has 
contributed to the generation of human genetic diver- 
sity and is responsible lor several htJtnan genetic disor- 
ders'*®. Many Alu sequences atTect gene expression 
through changes in their own methylation status, 
whereas the expression of Alu RNA might influence 
translation ievels''"•'^■•''^^ Alu repeats that have under - 
gone extensive gene conversion influenced the accumu 
lation of SNPs in the genome"*^*-"'-' — a phenomenon 
that has a significant impact on generic linkage studies 
and on population genetics. Detaikvl knowledge of the 
levels of temporal and spatial variation in Alu-related 
gene conversion will provide further insight into the 
magnitude of this process. 

Btit, most of the newly integrated Alu insertions are 
an innocuous source of genetic variation with a subset 
of homoplasy-tree Alu-insertion polymorphisms that 
are useful for st udying the relationships between pop- 
ulations, and the evolution and organization of 
landemly arrayed gene families-** *^'^*"^ These ele- 
ments will also be useful as genomic anchors for com- 
parative genomic studies of the organization of non- 
human primate genomes"'**-^*. Future studies of the 
expansion of recently integrated Alu elements and 
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LINEs in non human primate genomes will allow a 
detailed anal>'^is of the interplay between the amplifi- 
cation dynamics of these elements, using whole pri- 
mate genomes as *test mbes* lliese types of studies will 
facilitate an evolutionary examination of the current 
working hypothesis that Ahi elements and LIKEs use a 
common pathway for amplification-'''. In addition, they 
will result in tlie generation of new genetic markers for 



primate conservation biology and studies of non- 
human primate demographics, as well as providing an 
insight into the generic ditTerences between humans 
and non human primates. These studies should also 
shed new light on the biology of these interesting 
mobile elements and provide a comparative assess- 
ment of their role in shaping various non human pri- 
mate genomes. 
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• Alu elements are a class of short interspersed elements (SINEs) that 
have e^tpanded to a copy number of more than one million elements 
in primate genomes. 

• The expansion of Alu elements is characterized by the dispersal, in a 
series of siibfamiUes> of elements of ditTerciit evolutionary age that 
shiire common nucleotide substitutions. 

• Alu elements have an impact on the genome in sevei al ^vays, including 
insertion mutations, rtvombi nation between elements, gene conver- 
sion '<md gene expression. 

• The human diseases caused by Alu insertions include neurofibromato- 
sis, haemophilia, liunilial hypercholesterolaemia, breast cancer, insulin- 
resistant diai:)etes type 0 atul Ewing sarcoma. 

• Alu elements alter the distribution of methylation and, possibly, tran 
scTiption of genes tlirougfiout tlie genome. 

• Tlie transcription of Alu elements changes in response to celhilar stress 
and might be invoh^ed in maintaining or regulating the cellular stress 
response. 

• Alu elements are a primary source for the origin of simple sequence 
repeats in primate genomes. 

• Alu insertion polymorphisms are a boon for the study of human pop - 
ulation genetics and primate comparative genomics because they are 
neutral, identical- by- descent genetic markers with known ancestral 
states. 
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the Department of Pathology at the LSU Health Sciences Center in 
1993. He subsequently accepted a position as Professor of Biological 
Sciences at LSU in 2001. His laboratory focuses on comparative 
genomics, population genetics> himtan molecular genetics and the con- 
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Prescott Deininger received his Ph.D. from the laboratory of Carl 
Schmid at University of California (UC), Davis, USA. He carried out 
postdtKtoraJ studies with Tlieodore Friedman n at U'C, Sim Diego, and 
then with Frederic Sanger at the iMedicaJ Research Council in 
Cambridge, UK. He assmned a faculty position at LSU Health Sciences 
Center in 198 J and moved to a position as Associate Director of the 
Tulane Cancer Center in 1998. He holds the Marguerite Main 
Zimmerman Chair in Basic Cancer Research and is Professor of 
Enxaronmental Health Sciences at the Tulane U'niversity Hc*aJth Sciences 
Center. His hil>oratory Ibcuses on tlie mechanism and impact of mobile 
elements, particularly SINEs, ^vhich cause instability of the mammalian 
genome, 
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